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Abstract Over a decade ofmonitoring offshore wind
park environmental impact triggered a reflection on the
overall objectives and how to best continue with the
monitoring programmes. Essentially, basicmonitoring
has to be rationalised at the level of the likelihood of
impact detection, the meaningfulness of impact size
and representativeness of the findings. Targeted
monitoring is crucial and should continue to be applied
to disentangle processes behind observed impacts, for
instance the overarching artificial reef effect caused by
wind parks. The major challenge, however, remains to
achieve a reliable assessment of the cumulative
impacts. A continuous international consultation and
collaboration with marine scientists, managers, gov-
ernment officials and industry will be needed to ensure
an optimisation of the future monitoring programmes.
Keywords Offshore wind parks  Environmental
impact monitoring  Monitoring advice  Basic and
targeted monitoring  Cumulative and in-combination
effect monitoring
Introduction
Offshore wind energy is becoming more and more
important in European energy politics and by 2020,
the aim is to generate 12% of European energy
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demand from renewable sources. If this mainly has to
come from offshore wind parks (OWPs) a minimum of
10,000 turbines are needed (Westra, 2014).
The first wind turbines at sea were installed in
Danish waters in 1991. The first real offshore North
Sea wind park came into operation in Denmark in
2002, followed by The Netherlands in 2007, UK and
Belgium in 2008 and Germany in 2010. For all OWPs,
monitoring programmes to investigate the impacts on
the surrounding marine ecosystems were started and
many results have now been published (Elliott, 2002;
Wilson et al., 2010; Lindeboom et al., 2011; Degraer
et al., 2013; Beiersdorf & Radecke, 2014; Bergstro¨m
et al., 2014). In this article, we summarise the present
state of art, lessons learned and recommendations for
future monitoring programmes.
Offshore wind park environmental monitoring—
where are we now?
The global scientific knowledge base associated with
the environmental effects of OWPs has been led by
northern European countries. Environmental data col-
lection on OWPs started around 2000, first in Denmark
(Petersen &Malm, 2006; Leonhard et al., 2011). Many
of the early efforts only served to develop survey
methods, primarily driven by societal, legislative or
conservation demands (e.g. Degraer & Brabant, 2009).
Early results indicated possible effects on (the intro-
duction of) hard substratum fauna, seabirds and marine
mammals (Petersen &Malm, 2006). Since 2006–2008,
research effort at a European/global level has increased
significantly. During the last (*) 6 years, the Danish,
Dutch, British, German and Belgian monitoring pro-
grammes accomplished an unprecedented knowledge
base on OWP effects on the marine system, covering a
wide range of potential impacts and all ecosystem
components (Lindeboom et al., 2011; Bergstro¨m et al.,
2014). All these investigations have contributed to an
almost exponential increase in the knowledge of the
understanding of potential OWP effects over the last
years (Fig. 1). The scientific understanding has been
enhanced in some topic areas, particularly at the species
level for some benthic animals, fish, birds and marine
mammals, whereas other ecological topics such as
ecosystem functioning have been left behind or ne-
glected (Inger et al., 2009; Miller et al., 2013).
Nowadays, we have a good knowledge on many of
the general short-term effects on the marine system,
while we are far away from fully understanding the
ecological significance of the effects and only just
beginning to consider the knowledge requirements for
long-term changes. While most aspects associated with
the interactions between OWPs and the environment
have been included to a greater or lesser extent, there has
not been a consistent development of the topic areas
building on the evidence from previous studies in
different countries (Boehlert & Gill, 2010).
Lessons learned
The overriding lesson from the monitoring that is
currently taking place across Europe is that OWPs do
change the local environment. Importantly, these
changes are across all ecosystem components and some
can be regarded as (potentially) negative, e.g. avoidance
and collisions of birds and some (potentially) positive,






































































Fig. 1 Offshore wind-related environmental publications;




(e.g. Wilhelmsson et al., 2010; Lindeboom et al., 2011;
Bergstro¨m et al., 2014). Themajor impacts ofOWPs are
focused on the most obvious changes within the local
environment such as the very high sound levels
produced during the construction phase (Huddleston,
2010; Norro et al., 2013), the introduction of (new) hard
substratum (Petersen&Malm, 2006; Langhamer, 2012;
De Mesel et al., 2015), the rotating blades (Drewitt &
Langston, 2006; Mendel et al., 2014) and the exclusion
of fisheries, such as trawling (Lindeboom et al., 2011;
Dannheim et al., 2014). We have gained knowledge on
the short-term effects on benthos, fish, birds and marine
mammals, including attraction to and avoidance of the
OWP (for references: see Lindeboom et al., 2011),
while the longer term effects of successional stages and
consequent changes in e.g. the food web still are in the
early stages of understanding. We have learned more
about the variability of the ecosystem indicating that
long-term monitoring is needed to be able to detect
various effects through time, e.g. the effect of trawling
cessation on the benthos (Lindeboom et al., 2011) or the
displacement effects on seabirds (Vanermen et al.,
2015a). We learned that basic monitoring by itself (e.g.
following the BACI design of OWP versus reference
area) is not sufficient to disentangle specific cause–
effect relationships, especially in systems with a high
natural variability (Gray & Elliot, 2009; Lindeboom
et al., 2011). Particularly, targeted monitoring such as
the near turbine effects studies on benthos (Coates et al.,
2014), feeding behaviour of demersal fish in the wind
park (Reubens et al., 2011, 2014a, b) or escape
behaviour of harbour porpoises during piling (Haelters
et al., 2015), have provided significant new and
important knowledge on cause–effect relationships
(see also Degraer et al., 2013: Chapters 13–16).
Although someof the outcomes are only preliminary,
the interpretation of what is occurring and whether it is
partly negative, partly positive or unknown or unclear is
in accordance with the general ecological implications
scientists expected (Gill, 2005; Boehlert & Gill, 2010;
Miller et al., 2013). Probably, the most striking changes
in the marine system are, however, yet to come: effects
of the continuous operational sound (Slabbekoorn et al.,
2010), the long-term habitat change by epifouling
communities on the turbines and scouring protection,
i.e. the artificial reef effect (Wilhelmsson & Malm,
2008; Kerckhof et al., 2011; Krone, 2012) including
subsequent changes in the surrounding soft sediments
(Coates et al., 2014), and the recovery of benthos and
fish after fisheries cessation (e.g. Collie et al., 2000;
Duineveld et al., 2007; De Juan et al., 2011).
The results give cautious optimism that some of the
anticipated changes that will occur are perhaps not as
bad as perceived at first. The separation into positive
and negative changes—in part a requirement of the
EIA process (cf. EC Environmental Impact Assess-
ment Directive)—enables the OWP sector to champi-
on the good andmitigate the bad (Cramer Buch, 2013).
By doing so, the sometimes presumed conflict be-
tween the OWP industry and the environmental sector
can be addressed by using an evidence-based, rather
than emotive-based assessment of what large-scale
deployment of OWP means for the environment and
human society. The longer term and harder-to-quan-
tify potential ecological benefits of OWP, such as the
no-fishing zone factor improving the fish community,
are important to determine if there is to be general
acceptance of the OWP being beneficial, especially
when the parks become much larger. To decide
whether or not an observed impact is to be considered
positive or negative one has to be aware of the fact that
such evaluation is scale and hence context dependent.
Prior to such evaluation, scale and context have to be
clearly defined. Our vision of OWPs as good or bad
features in the seas will hence always be debated, but
the evidence presented in this special issue of Hydro-
biologia sets a valuable basis for the debate to continue
on a more informed basis.
Furthermore, the changes that occur to one com-
ponent of our marine ecosystem can have implications
on other ecosystem components. Hence, the indirect
aspect of changes to the ecosystem components
(whether that is species abundance change or sediment
movement for example) and the processes that cause
these changes (such as food web cascade or hydrody-
namic processes) are issues that should be highlighted
and will be a major driver for the future direction of the
research and monitoring programmes. For example,
demersal fish might benefit from additional prey items
on the OWP foundations and therefore might be
attracted (Wilson and Elliot, 2009; Reubens et al.,
2014a). At the same time, these species might also
feed on species of the soft-bottom in the vicinity of the
turbines which might increase predation pressure
(Dannheim, 2007). By this predation pressure, these
‘‘multi-choice’’ consumers can switch between differ-
ent prey items and thus reduce prey population
oscillations and prevent one single species from
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becoming dominant (Berlow, 1999; Post et al., 2000;
McCann & Umbanhowar, 2005), potentially changing
the composition of the benthic system at a local scale.
Naturally, marine ecosystems are chaotic by the
unpredictable and manifold species interactions (e.g.
mutualistic, competitive and trophic interactions) and
the large natural variability (Weijerman et al., 2005).
Hence, the question that emerges is if the outcomes of
the research on the long-term effects can really be
explained by the increasing presence of many different
wind parks.
A more specific lesson is that for any monitoring
programme for OWPs to be effective, it needs to have
an objective, multi-disciplinary approach (see also
Elliott, 2011). For example, the understanding of
sediment distribution requires certain skills while the
socio-economic research uses another set of skills;
both of these topics are as equally valid as each other.
Advice for future monitoring
Future monitoring is a requirement of environmental
legislation across many countries. However, the
current knowledge from the OWP monitoring pro-
grammes makes a very strong case for not just
monitoring (sensu post hoc observations) aspects that
are the minimum (usually based on existing environ-
mental legislation). There are significant advances in
understanding and also identifying limitations and
gaps that need to be addressed. The future challenge
for monitoring OWP effects will be to achieve a
balance between legally prescribed monitoring proce-
dures, nationally and internationally, and at the same
time to allow a flexible and adaptable approach that
allows for the analysis of clearly defined priority
issues. For a robust ecology-based monitoring pro-
gramme there must be consideration of all compo-
nents, from which a subset of priority components can
be selected. The prioritisation should be considered
over different time and spatial scales and for a
combination of the different components of the
ecosystem, otherwise only single components will be
monitored as is currently the case. The wider and
potentially more significant indirect effects need to be
addressed and should be in the monitoring focus for
the upcoming years. In the next paragraphs different
monitoring needs applicable to wind parks are
discussed.
Basic monitoring
Basic monitoring focusing on the resultant effect of
human activities, such as the construction and op-
eration of offshore wind parks, is the most common
type of monitoring in environmental impact studies. It
allows keeping track of major and even unforeseen
impacts and is therefore a suitable research strategy for
a better understanding of the environmental impact of
development. It may trigger adjusting or even halting
activities in case unacceptable impacts would occur.
The continuation of the basic monitoring covering all
ecosystem components should hence be considered
mandatory from a marine ecosystem management
perspective. Some reflections on what has been done
so far and how to best continue are, however,
indispensable for an optimisation of the future basic
monitoring programme.
In many monitoring programmes, there is an
attempt to differentiate between ‘positive’ and ‘nega-
tive’ responses to OWPs. Ecologically ‘negative’
impacts may include the altered sediment character-
istics, increased erosion of the natural sandy sediments
aroundwind turbine foundations (Vanden Eynde et al.,
2013), an increase in the non-indigenous species on
the hard substrata (Kerckhof et al., 2011), an obvious
disturbance of seabirds because of avoidance and
collision (Busch et al., 2013; Vanermen et al., 2015a)
and the increased sound pressure on the marine
environment and its impact on marine mammals
(Haelters et al., 2015; Da¨hne et al., 2013) and fish
(Gill et al., 2012; Kra¨gefsky, 2014). The ‘positive’
impacts include, for example, the enrichment and
colonisation of the soft and hard substratum inverte-
brates and fish (e.g. DeMesel et al., 2015; Coates et al.,
2014). So far, all ecosystem components investigated
have already shown some degree of response to
OWPs. However, as the altered ecosystem is still
developing at most if not all OWPs, the patterns
observed so far should be considered short term and
hence most probably only reflect the initial stages of
the ecological change and succession (Lindeboom
et al., 2011). Some impacts may not have been
detected yet, simply because they are still not devel-
oped to the extent needed to become detectable. The
enrichment of the soft-sediment macrobenthos ob-
served close to the wind turbines for instance, has been
demonstrated to spatially extend through time (Coates
et al., 2014) but is likely not to have reached the spatial
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extent to be picked up by the basic monitoring of
macrobenthos, collecting samples at more than 200 m
from the turbines (Coates et al., 2013; Gutow et al.,
2014). A long-term continuation of the basic monitor-
ing of all ecosystem components is therefore
recommended.
For the future of basic monitoring, one should
acknowledge the likelihood of impact detection being
dependent on research effort, impact size and data
noise. Research effort is mainly determined by the
focus of the study, the amount of observations or
samples collected. Impact size is the degree of
deviation from a defined reference condition and data
noise is natural or sampling-induced variability in the
data (e.g. Collie et al., 2000; Gray et al., 2006). The
low likelihood of impact detection possibly blurring
impacts of Belgian offshore wind parks on seabirds,
has for example been statistically underpinned by the
basic monitoring for several seabird species (Vaner-
men et al., 2015b). The current difficulties in demon-
strating consistent impacts on the soft-sediment
epibenthos and fish throughout the first 6 years of
monitoring in Belgian waters is probably related to a
combination of natural and sampling-induced vari-
ability and the time scale over which sampling occurs
in relation to physico-chemical and biological re-
sponse. This issue certainly needs further consid-
eration when (re)designing future basic monitoring
programmes. Attention should be given to the statis-
tical power needed to quantify the likelihood that an
impact of a given extent can be detected, while
methods on how to lower the noise in the data should
be further explored.
Natural variability may be lowered for instance by
focusing data collection on one season and as such
excluding seasonality (see also Rogers et al., 2008).
Sampling-induced variability will be lowered by
increasing the sample size. A higher number of
passive acoustic monitoring devices inside and outside
wind parks for example, could facilitate investigating
possible harbour porpoise Phocoena phocoena repul-
sion or attraction to offshore wind parks (Thompson
et al., 2010; Scheidat, 2011; Brandt et al., 2011, 2012;
Teilmann & Carstensen, 2012). Moored equipment
will allow recording long time series of underwater
sound, during a broad range of weather conditions and
various wind park development stages, and will hence
increase the representativeness of underwater sound
results (Dazey et al., 2012). Within a Before-After
Control-Impact (BACI) design, an appropriate bal-
ance in number of samples per group needs to be
targeted.
Finally, the relevance of the impact size needs
discussion, as one has to accept a certain degree of
human-induced impacts on the marine environment as
long as these impacts do not exceed thresholds of
sustainability. Current exercises in the context of the
European Habitats- and Bird Directives (Nature
2000), and the Marine Strategy Framework Directive
(MSFD) to determine what is acceptable from a nature
conservation point of view (Nature 2000: Favourable
Conservation Status and Conservation Objectives) or
from an ecosystem-based management perspective
(MSFD: Good Environmental Status and Environ-
mental Targets), will help setting the scene for
selecting a meaningful impact limit (Busch et al.,
2013).
Also representativeness of the basic monitoring
findings is a major issue to be considered in the future
monitoring programme. The research so far mainly
focused on single wind parks which may not be
representative for other wind parks by default. Other
wind parks are present, are being built or will be
constructed, each of these taking a specific position
along an onshore-offshore, a bathymetric and/or a
sedimentological gradient. These gradients all repre-
sent and/or influence the hydrodynamics and water
characteristics, which in turn affect underwater life.
When planning future basic monitoring programmes,
the spatial distribution of the sampling effort along
natural environmental gradients will therefore have to
be well considered.
Additionally, the type of foundation differs be-
tween and even within wind parks. Steel monopile,
tripods and jacket foundations, the latter generally
without erosion protection layer, are most common in
European waters (EWEA, 2014), while substantial
reef effect monitoring, especially concerning fish and
megafauna attraction, has been performed respective-
ly near concrete gravity-based foundations with an
extended erosion protection layer (e.g. Belgian OWP
monitoring programme, Reubens et al., 2014a, b) or
jacket foundations (e.g. German OWP monitoring
programme, Krone et al., 2013a). Preliminary com-
parisons already demonstrated a difference in ecology
between the different foundation types (Krone, 2014).
To allow for a solid nearshore-offshore comparison
and to exclude foundation-related variability, future
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monitoring programmes should include similar types
of foundation both nearshore and offshore. On the
other hand, foundation type-effects should be inves-
tigated in soft-sediment environments with similar
physical conditions and grain sizes. Because available
resources for monitoring are limited, a well-consid-
ered focus and associated sampling effort and alloca-
tion is recommended.
Targeted monitoring
Monitoring results that can be used to steer the design
of future industrial projects offer a significant added
value to monitoring programmes. For this purpose, a
proper understanding of the cause–effects relation-
ships is needed, which will allow extrapolating the
study results beyond the study area. Targeted monitor-
ing aims to understand the ecological processes behind
the observed impacts and hence allows extrapolating
its results for a better design of future wind parks.
Targeted monitoring should become an important
aspect of all OWP monitoring programmes.
The hypothesised cause–effect relationships behind
OWP impacts are plentiful. The Working Group on
Marine Benthos and Renewable Energy Develop-
ments (WGMBRED) of the International Council for
the Exploration of the Sea (ICES) reviewed the cause–
effect relationships between offshore renewable ener-
gy installations, mainly OWPs, and marine benthos
(ICES, 2013). They discovered a wide variety of
(possible) causal relationships, all framed in a context
of the marine environment ecosystem services affect-
ed by renewable energy installations as benthos being
a biogeochemical reactor, a large source of biodiver-
sity and an important food resource for higher trophic
levels. The biogeochemical reactor context alone, for
example, already revealed no less than 17 cause–effect
relationships (ICES, 2013). From their analysis, it
became obvious that a well-considered selection of
priority relationships will be needed to ensure focused
but feasible monitoring programmes (see also Cormier
et al., 2013). Elliott, (2011) suggested separation in
‘needed’ and ‘nice to know’ monitoring. However, if
questions concerning EU MSFD descriptors, like
marine food webs or sea floor integrity need to be
addressed, the difference between need and nice to
know becomes rather vague. We suggest that monitor-
ing priorities are defined taking the leading questions
into account.
Several cause–effect relationships have already
been tackled during the first decades of monitoring.
The local enrichment of organic matter in the soft
sediment close to wind turbines was found to cause an
increase in macrobenthic species richness and density
(Coates et al., 2014). Some fish and seabird species
were found to be attracted to the wind turbines as a
consequence of habitat alterations, such as improved
feeding conditions (Reubens et al., 2014b). Individual
cod Gadus morhua specimens stayed near wind
turbine foundations for at least 9 months for shelter
and to feed, while common sole Solea solea did not
stay near individual turbines but just passed through
the parks (Lindeboom et al., 2011). Stomach analysis
of cod and pouting Trisopterus luscus proved that
these species primarily predate on the hard substratum
epifauna (Reubens et al., 2011, 2014a).
The artificial reef effect will undoubtedly play a key
role in future targeted monitoring. It has already
received a lot of attention so far, but various cause–
effect relationships remain yet to be tackled. The
attraction-production hypothesis in artificial reefs has
been investigated in detail for several fish, e.g. cod and
pouting (Reubens et al., 2014b), but several inverte-
brate (e.g. edible crab Cancer pagurus and European
lobster Homarus gammarus) and fish species common
to OWPs, were so far less investigated (Krone, 2012;
Krone et al., 2013a). Investigations of their habitat use
for example would shed light on the key habitat
features that are essential to maintain a sustained local
population of these species.
Also the hard substratum epifouling community,
comprising important prey species for the above
mentioned predatory megafauna, needs further tar-
geted attention. Biomass estimates of these prey
species may be used to extrapolate food availability to
the total footprint of a wind turbine and the whole
wind park artificial reef (Joschko et al., 2008; Krone
et al., 2013b). Energy and fatty acids profiling of both
predators and prey or stable isotope methods can open
the door to energy transfer estimates and hence
elucidate trophic interactions within offshore wind
parks (De Troch et al., 2013). Trawling cessation in
the OWP area might lead to changes in energy flow
and trophic structure of soft-bottom benthos as shown
by Dannheim et al., (2014). Further, the soft-sediment
macrobenthos in the vicinity of wind turbines may
alter trophic connectance, as the increasing abundance
may start playing an important role in the artificial
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reef food web. The artificial reef effect may further
explain the attraction of some bird species (e.g.
common tern Sterna hirundo or great cormorants
Phalacrocorax carbo) to the wind parks as it is
hypothesised that these species benefit from a yet
unexplored increased availability of pelagic fish
(Vanermen et al., 2015a). Whether or not pelagic
prey fish also attract marine mammals, such as
harbour porpoises, remains yet to be resolved (Hael-
ters et al., 2013). Kra¨gefsky, (2014) not only showed
that pelagic fish were scared away by construction
sound but also proved decreased food gathering of
mackerel in the OWP area. Whether this might affect
species fitness and consequently pelagic fish occur-
rences in the long run as potential food resources for
higher trophic levels remains to be seen. Attention to
the pelagic fish community in the future monitoring
programme is hence of utmost importance.
The anticipated positive artificial reef effect may be
partially neutralised by the underwater energy (e.g.
sound generated during the construction (short term)
and operational sound and electromagnetic fields
(EMFs) (long term)) of offshore wind parks (Gill
et al., 2012; Gill et al., 2014). More hypothesis-driven
research on the impact of energy emissions on marine
mammals, fish and invertebrates (including ontoge-
netic effects) is needed not only from an ecological
perspective but in line with legislative requirements
(i.e. MSFD, Descriptor 11) to get a good understand-
ing of the effects of underwater sound and EMF on the
marine ecosystem.
The above mentioned cause–effect relationships
should ideally be dealt with in an international setting,
as the same or at least similar cause–effect relation-
ships are expected in OWPs within the same biogeo-
graphic region and to some extent even beyond. This
certainly holds true for the southern North Sea, where
numerous wind parks are (planned to be) constructed
(EWEA, 2014). Given the fact that cause–effect
oriented research by definition allows extrapolation
outside the area under investigation, there is no need to
tackle the same hypothesises in every single OWP. A
well-considered international collaboration as aimed
for by initiatives such as WGMBRED will avoid
unneeded repetition of research. It would hence
significantly contribute to an optimal use of resources
available for wind park monitoring and bring more
cross-bordering knowledge together to address the
significant gaps.
Cumulative and in-combination effects
A major challenge for all offshore renewable energy
environmental monitoring programmes will be to
assess cumulative impacts and to upscale locally
observed impacts to the larger scale at which a number
of ecological processes take place. The OWP industry
is expanding rapidly and new OWPs are arising fast at
several places in the North Sea and beyond (EWEA,
2014). Current monitoring efforts, however, mainly
focus on the environmental impact of a single wind
park and specific receptors (Lindeboom et al., 2011;
Degraer et al., 2013; Beiersdorf & Radecke, 2014).
Because the species that are affected are part of
populations extending over larger areas, the focus of
the impact investigation should be widened to con-
sider the population level of those species. For
example, for seabirds attracted to the wind parks,
there is an increased risk of collision with the wind
turbine blades. Whether or not the number of
collisions may actually put the sustainability of certain
bird populations at risk can however only be reliably
assessed when taking account of the multitude of wind
parks throughout the range of their populations spatial
distribution (Brabant et al., 2015). Similarly, the effect
on the population of harbour porpoises avoiding areas
of pile driving (e.g. Da¨hne et al., 2013) can also only
be assessed in a cumulative OWP context throughout
their distributional range. Furthermore, effects an-
ticipated to be positive from a local perspective, such
as the improved feeding condition for demersal fish
attracted to the wind turbines, are yet to be evaluated at
the population level before final conclusions on the
attraction-production hypothesis can be drawn (Reu-
bens et al., 2014b). Hence, there is an urgent need for
scientifically sound threshold ranges for acceptable
overall mortality or habitat loss, which should be
investigated at the spatial scale relevant to the
population of each species under consideration and
at the scale of the local food web.
OWPs are only one of the many human activities in
the marine environment. This is yet another aspect
relevant to cumulative impact assessment. Climate
change and (major changes in) fishing activities (e.g.
new gear types and the upcoming discard ban) also
influence ecosystem structure and functioning (Hoop-
er et al., 2005; Bremner, 2008). Assessing the in-
combination effect of all these activities and changes
or merely framing the observed impact of wind parks
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in a broader setting, demands a holistic approach and
is of major importance for the future management of
the marine ecosystem. While this issue is not new to
environmental impact assessment, clear research de-
signs to appropriately tackle the issue are largely
lacking. Innovative strategies are needed here.
The monitoring of North Sea wide cumulative
effects is very ambitious and cannot satisfactorily be
dealt with by a single country or research team. It
requires a close collaboration between scientists and
administrators, preferably across country borders, to
assemble and comprehensively analyse all informa-
tion that is needed. The complexity is illustrated by
the analysis of fishing effort, for which realistic
distribution maps can only be drafted when Vessel
Monitoring System (VMS) data, logbook data and
metadata of the vessels from those countries that
operate in the area are compiled; an opportunity that
is quite often still missing. Future monitoring
programmes should therefore strive to upscale their
findings in a cumulative and in-combination context,
and should search for international collaboration to
develop the analytical strategies needed (see e.g.
Busch et al., 2013).
Adaptive monitoring
For the transformation to a modern monitoring
approach, it is imperative that programmes are adap-
tive, whereby priorities are reviewed regularly based
on the available state of the art evidence within the
context of the existing drivers and rationale. It also
Table 1 In concreto advice on major topics and issues in future monitoring programmes
Topic Issue Advice
General Uncertainty in conclusions Incorporate levels of confidence
Sound during construction Depends on type and technique Analyse species involved, effects, costs; select
sound compromise
Sound during operation Effects on specific species unknown Research on different species (e.g. fish, cetaceans,
invertebrates)
Electromagnetic fields Largely unknown, possibly chronic effect Research on specific groups (e.g. fish, cetaceans,
crustaceans)
Species and habitat Population demographics unknown Study natural temporal and spatial variability
– Birds avoidance Establish avoidance behaviour to develop mitigation
strategies
– Bird collisions unknown or only modelled Collect factual data, on species of specific concern
– Effect on bats in wind farms unknown More research on presence and collision of bats
– Foundations as stepping stones Determination of potentially invasive species
Ecosystem and food webs Ecosystem and seascape scales Include larger scales than just the OWPs
– Attraction or production Establish in situ production and potential fisheries
benefits
– Underlying processes largely unknown Include more functional (trait-based) assessments
– Elasmobranchs missing in the system Investigate how OWPs can potentially contribute to
recovery
– Cascading effects unknown Develop new methodologies and analytical tools
– Long-term artificial reef effects unknown Examine reproduction, growth and survival rates of
local species
– Potential benefits of fish closure unknown Study closure and displacement effects
Multiple use of OWPs Can OWPs be used to produce proteins Study possibilities to culture finfish and shellfish and
macroalgae
International cooperation Exchange of data hampered Strive for an (open) exchange of knowledge, data
and expertise
– National legislation determines monitoring More use of science-based ecological criteria and




means that some components may need to be
monitored but on a less regular or less intensive basis.
This will enable the targeted monitoring to continue to
address the wide set of topics in a strategic manner
over the course of the programme of monitoring.
Clarity in the selection of which variables to
investigate is another aspect that requires consid-
eration. Monitoring of particular components of the
ecosystem has to be fully justified before the actual
monitoring takes place. For example, aggregation or
displacement are two possible predicted responses to
OWPs for certain species. How these are defined and
the method used to quantify them is crucial to the
analysis and interpretation of the results. An iterative
process of clear objective setting and explanation of
rationale behind the objectives and consideration of
the limitation and any assumptions in the method
chosen, is therefore critical.
Future monitoring programmes: in concreto advice
on major topics
Several issues have been identified as major points
needing attention in future OWP monitoring pro-
grammes, as derived from literature but equally from
discussions at several recent OWP environmental
monitoring events such as the OWEZ Symposium
(Amsterdam, the Netherlands, 11-12/10/2012: http://
www.noordzeewind.nl/owe-2012/), the StUKplus
Conference 2013 (Berlin, Germany, 30-31/10/2013:
http://stukplusconference.com/conference-material)
and the WinMon.BE 2013 Conference (Brussels,
Belgium, 26-28/11/2013: hhttp://odnature.naturalsci
ences.be/winmonbe2013). Table 1 summarises the
recommended topics, issues and advices to be con-
sidered for a further fine tuning of well-focused
monitoring programmes.
Acknowledgments With contributions from: Ilse de Mesel,
Matthias Baeye, Dick Botteldooren, Robin Brabant, Delphine
Coates, Wouter Courtens, Elisabeth Debusschere, Luc
Dekoninck, Veronique De Maersschalck, Yana Deschutter,
Jozefien Derweduwen, Marisa Di Marcantonio, Vale´rie Dulie`re,
Michael Fettweis, Frederic Francken, Jan Haelters, Piet
Haerens, Kris Hostens, Rik Houthaeve, Jean-Se´bastien
Houziaux, Francis Kerckhof, Mieke Mathys, Alain Norro,
Thierry Onkelinx, Jan Reubens, Bob Rumes, Marc Sas, Eric
W.M. Stienen, Jan Vanaverbeke, Sofie Vandendriessche, Sarah
Vanden Eede, Dries Van den Eynde, Marc Van de walle,
Nicolas Vanermen, Gert Van Hoey, An Vanhulle, Vera Van
Lancker, Timothy Van Renterghem, Hilbran Verstraete,
Laurence Vigin and Magda Vincx.
References
Beiersdorf, A. & A. Radecke (eds), 2014. Ecological Research
at the Offshore Windfarm alpha ventus: Challenges, Re-
sults and Perspectives. Springer, Wiesbaden: 201.
Bergstro¨m, L., L. Kautsky, T. Malm, R. Rosenberg, M. Wahl-
berg, N. A. Capetillo & D. Wilhelmsson, 2014. Effects of
offshore wind farms on marine wildlife – a generalized
impact assessment. Environmental Research Letters 9(3):
034012.
Berlow, E. L., 1999. Strong effects of weak interactions in
ecological communities. Nature 398: 330–334.
Boehlert, G. W. & A. B. Gill, 2010. Environmental and eco-
logical effects of ocean renewable energy development – a
current synthesis. Oceanography 23: 68–81.
Brabant, R., N. Vanermen, E. Stienen & S. Degraer, 2015.
Towards a cumulative collision risk assessment of local and
migrating birds in North Sea offshore wind farms. Hydro-
biologia, this issue. doi:10.1007/s10750-015-2224-2.
Brandt, M. J., A. Diederichs, K. Betke & G. Nehls, 2011. Re-
sponses of harbour porpoises to pile driving at the Horns
Rev II offshore wind farm in the Danish North Sea. Marine
Ecology Progress Series 421: 205–216.
Brandt, M. J., A. Diederichs, K. Betke &G. Nehls, 2012. Effects
of offshore pile driving on harbor porpoises (Phocoena
phocoena). In Popper, A. N. & A. Hawkins (eds), The
Effects of Noise on Aquatic Life. Advances in Ex-
perimental Medicine and Biology 730. Springer Science
and Business Media, New York.
Bremner, J., 2008. Species’ traits and ecological functioning in
marine conservation and management. Journal of Ex-
perimental Marine Biology and Ecology 366: 37–47.
Busch, M., A. Kannen, S. Garthe & M. Jessopp, 2013. Conse-
quences of a cumulative perspective on marine environ-
mental impacts: Offshore wind farming and seabirds at
North Sea scale in context of the EU marine strategy
framework directive. Ocean and Coastal Management 71:
213–224.
Coates, D., G. Van Hoey, J. Reubens, S. Vanden Eede, V. De
Maersschalck, M. Vincx & J. Vanaverbeke, 2013. The
macrobenthic community around an offshore wind farm. In
Degraer, S., R. Brabant & B. Rumes (eds), Environmental
Impacts of Offshore Wind Farms in the Belgian Part of the
North Sea: Learning from the Past to Optimise Future
Monitoring Programmes. Royal Belgian Institute of Nat-
ural Sciences, Operational Directorate Natural Environ-
ment, Marine Ecology and Management Section, Brussels:
87–97.
Coates, D. A., Y. Deschutter, M. Vincx & J. Vanaverbeke, 2014.
Enrichment and shifts in macrobenthic assemblages in an
offshore wind farm area in the Belgian part of the North
Sea. Marine Environmental Research 95: 1–12.
Collie, J. S., S. J. Hall, M. J. Kaiser & I. R. Poiner, 2000. A
qualitative analysis of fishing impacts on shelf-sea benthos.
Journal of Animal Ecology 69: 785–798.
Hydrobiologia
123
Cormier, R., A. Kannen, M. Elliott, P. Hall, M. Ian & I.
M. Davies 2013. Marine and Coastal Ecosystem-Based
Risk Management Handbook. ICES Cooperative Research
Report 317: 60.
Cramer Buch, M., 2013. Improving knowledge about environ-
mental impacts. In Danish Energy Agency, Danish Off-
shore Wind. Key Environmental Issues – a Follow-up. The
Environmental Group: The Danish Energy Agency, The
Danish Nature Agency, DONG Energy and Vattenfall.
Da¨hne, M., A. Gilles, K. Lucke, V. Peschko, S. Adler, K. Kru-
gel, J. Sundermeyer & U. Siebert, 2013. Effects of pile-
driving on harbour porpoises (Phocoena phocoena) at the
first offshore wind farm in Germany. Environmental Re-
search Letters 8(2): 025002.
Dannheim, J., 2007. Macrozoobenthic Response to Fishery –
Trophic Interactions in Highly Dynamic Coastal Ecosys-
tems. Alfred Wegener Institute. Bremerhaven, University
of Bremen, PhD dissertation: 226.
Dannheim, J., T. Brey, A. Schro¨der, K. Mintenbeck, R. Knust &
W. E. Arntz, 2014. Trophic look at soft-bottom commu-
nities – Short-term effects of trawling cessation on benthos.
Journal of Sea Research 85: 18–28.
Dazey, E., B. McIntosh, S. Brown & K. M. Dudzinski, 2012.
Assessment of underwater anthropogenic noise associated
with construction activities in Bechers Bay, Santa Rosa
Island California. Journal of Environmental Protection
2012(3): 1286–1294.
Degraer, S. & R. Brabant (eds), 2009. Offshore Wind Farms in
the Belgian Part of the North Sea: State of the Art After
Two Years of Environmental Monitoring. Royal Belgian
Institute of Natural Sciences, Management Unit of the
North Sea Mathematical Models, Marine ecosystem man-
agement unit, Brussel: 287.
Degraer, S. & R. Brabant (eds), 2013. Environmental Impacts of
Offshore Wind Farms in the Belgian Part of the North Sea:
Learning from the Past to Optimise Future Monitoring
Programmes. Royal Belgian Institute of Natural Sciences,
Management Unit of the North Sea Mathematical Models,
Marine ecosystem management unit, Brussel: 239.
De Juan, S., M. Demestre & P. Sanchez, 2011. Exploring the
degree of trawling disturbance by the analysis of benthic
communities ranging from a heavily exploited fishing
ground to an undisturbed area in the NW Mediterranean.
Scientia Marina 75(3): 507–516.
De Mesel, I., F. Kerckhof, A. Norro, B. Rumes & S. Degraer,
2015. Succession and seasonal dynamics of the epifauna
community on offshore wind farm foundations and their
role as stepping stones for non-indigenous species. Hy-
drobiologia, this issue. doi:10.1007/s10750-014-2157-1.
De Troch, M., J. Reubens, E. Heirman, S. Degraer & M. Vincx,
2013. Energy profiling of demersal fish: A case-study in
wind farm artificial reefs. Marine Environmental Research
92: 224–233.
Drewitt, A. L. & R. H. W. Langston, 2006. Assessing the impact
of wind farms on birds. Ibis 148: 29–42.
Duineveld, G. C. A., M. J. N. Bergman & M. S. S. Lavaleye,
2007. Effects of an area closed to fisheries on the compo-
sition of the benthic fauna in the southern North Sea. ICES
Journal of Marine Science 64: 899–908.
Elliott, M., 2002. The role of the DPSIR aproach and conceptual
models in marine environmental management: An example
for offshore windpower. Marine Pollution Bulletin 44(6):
iii–iv.
Elliott, M., 2011. Marine science and management means
tackling exogenic unmanaged pressures and endogenic
managed pressures. A numbered guide. Marine Pollution
Bulletin 62: 651–655.
EWEA, 2014. The European Offshore Wind Industry –




Gill, A. B., 2005. Offshore renewable energy – ecological im-
plications of generating electricity in the coastal zone.
Journal of Applied Ecology 42: 605–615.
Gill, A. B., M. Bartlett & F. Thomsen, 2012. Potential interac-
tions between diadromous fishes of U.K. conservation
importance and the electromagnetic fields and subsea
sound from marine renewable energy developments.
Journal of Fish Biology 81: 1791.
Gill, A. B., I. Gloyne-Phillips, J. A. Kimber & P. Sigray, 2014.
Marine renewable energy, electromagnetic fields and EM-
sensitive animals. In Shields, M. & A. Payne (eds), Hu-
manity and the Sea: Marine Renewable Energy and the
Interactions with the Environment. Springer Science and
Business Media, Dordrecht.
Gray, J. S. & M. Elliot, 2009. Ecology of marine sediments: from
science to management. Oxford University Press, Oxford:
256.
Gray, J. S., P. Dayton, S. Thrush & M. J. Kaiser, 2006. On
effects of trawling, benthos and sampling design. Marine
Pollution Bulletin 52: 840–843.
Gutow, L., K. Teschke, A. Schmidt, J. Dannheim, R.Krone&M.
Gusky, 2014. Rapid increase of benthic structural and
functional diversity at the alpha ventus offshore test site. In
BSH & BMU (ed.), Ecological Research at the Offshore
Windfarm Alpha Ventus – Challenges, Results and Per-
spectives. Federal Maritime and Hydrographic Agency
(BSH), Federal Ministry of the Environment, Nature Con-
servation and Nuclear Safety (BMU), Wiesbaden: 67–81.
Haelters, J., L. Vigin & S. Degraer, 2013. Attraction of harbour
porpoises to offshore wind farms: what can be expected? In
Degraer, S., R. Brabant & B. Rumes (eds), Environmental
Impacts of Offshore Wind Farms in the Belgian part of the
North Sea: Learning from the Past to Optimise Future
Monitoring Programmes. Royal Belgian Institute of Natural
Sciences, Operational Directorate Natural Environment,
MarineEcology andManagementSection,Brussels: 167–171.
Haelters J., V. Dulie`re, L. Vigin & S. Degraer, 2015. Towards a
numerical model to simulate the observed displacement of
harbour porpoises Phocoena phocoena due to pile driving
in Belgian waters. Hydrobiologia, this issue. doi:10.1007/
s10750-014-2138-4.
Hooper, D. U., F. S. Chapin, J. J. Ewel, A. Hector, P. Inchausti,
S. Lavorel, J. H. Lawton, D. M. Lodge, M. Loreau, S.
Naeem, B. Schmid, H. Seta¨la¨, A. J. Symstad, J. Vander-
meer & D. A. Wardle, 2005. Effects of biodiversity on
ecosystem functioning: a consensus of current knowledge.
Ecological Monographs 75: 3–35.
Huddleston, J. (ed.), 2010. Understanding the Environmental




ICES, 2013. Report of the Working Group on Marine Benthal
and Renewable Energy Developments (WGMBRED),
19–22 March 2013, Caen, France. ICES CM
2013/SSGEF:17: 23.
Inger, R., M. J. Attrill, S. Bearhop, A. C. Broderick, W. James
Grecian, D. J. Hodgson, C. Mills, E. Sheehan, S. C. Votier,
M. J. Witt & B. J. Godley, 2009. Marine renewable energy:
potential benefits to biodiversity? An urgent call for re-
search. Journal of Applied Ecology 46: 1145–1153.
Joschko, T. J., B. H. Buck, L. Gutow & A. Schro¨der, 2008.
Colonization of an artificial hard substrate by Mytilus
edulis in the German Bight. Marine Biology Research 4:
350–360.
Kerckhof, F., S. Degraer, A. Norro & B. Rumes, 2011. Offshore
intertidal hard substrata: a new habitat promoting non-
indigenous species in the Southern North Sea: an ex-
ploratory study. In Degraer, S., R. Brabant & B. Rumes
(eds), OffshoreWind Farms in the Belgian part of the North
Sea: Selected Findings from the Baseline and Targeted
Monitoring. Royal Belgian Institute of Natural Sciences,
Management Unit of the North Sea Mathematical Models,
Marine Ecosystem Management Section, Brussels.
Kra¨gefsky, S., 2014. Effects of the Alpha Ventus offshore test
site on pelagic fish. Chapter 10. In Beiersdorf, A. & A.
Radecke (eds), Ecological Research at the Offshore
Windfarm Alpha Ventus: Challenges, Results and Per-
spectives. Springer, Wiesbaden: 83–94.
Krone, R., 2012. Offshore wind power reef effects and reef
fauna roles. Bremen, University Bremen, PhD dissertation.
213 pp.
Krone, R., L. Gutow, T. Brey, J. Dannheim & A. Schroder,
2013a. Mobile demersal megafauna at artificial structures
in the German Bight – Likely effects of offshore wind farm
development. Estuarine Coastal and Shelf Science 125:
1–9.
Krone, R., L. Gutow, T. J. Joschko & A. Schroder, 2013b.
Epifauna dynamics at an offshore foundation—Implica-
tions of future wind power farming in the North Sea.
Marine Environmental Research 85: 1–12.
Krone, R., 2014. Untersuchung der Effekte von Winden-
ergieanlagen auf Fische und Megafauna im Testfeld Alpha





Langhamer, O., 2012. Artificial Reef Effect in Relation to
Offshore Renewable Energy Conversion: State of the art.
The Scientific World Journal 2012: 386713.
Leonhard, S.B., C. Stenberg, J. Støttrup (eds), 2011. Effect of
the Horns Rev 1 Offshore Wind Farm on Fish Communi-
ties. Follow-up Seven Years after Construction. DTU
Aqua, Orbicon, DHI, NaturFocus. Report commissioned
by The Environmental Group through contract with Vat-
tenfall Vindkraft A/S. DTU Aqua-report No 246-2011.
National Institute of Aquatic Resources, Technical
University of Denmark: 66.
Lindeboom, H. J., H. J. Kouwenhoven, M. J. N. Bergman, S.
Bouma, S. Brasseur, R. Daan, R. C. Fijn, D. de Haan, S.
Dirksen, R. van Hal, R. H. R. Lambers, R. Ter Hofstede, K.
L. Krijgsveld, M. Leopold & M. Scheidat, 2011. Short-
term ecological effects of an offshore wind farm in the
Dutch coastal zone; a compilation. Environmental Re-
search Letters 6(3): 035101.
McCann, K. S., J. B. Rasmussen & J. Umbanhowar, 2005. The
dynamics of spatially coupled food webs. Ecology Letters
8: 513–523.
Mendel, B., J. Kotzerka, J. Sommerfeld, H. Schwemmer, N.
Sonntag & S. Garthe, 2014. Effects of Alpha Ventus off-
shore test site on distribution patterns, behaviour and flight
heights of seabirds. In BSH & BMU (ed.), Ecological
Research at the Offshore Windfarm Alpha Ventus –
Challenges, Results and Perspectives. Federal Maritime
and Hydrographic Agency (BSH), Federal Ministry of the
Environment, Nature Conservation and Nuclear Safety
(BMU), Wiesbaden: 96–109.
Miller, R. G., Z. L. Hutchison, A. K.Macleod,M. T. Burrows, E.
J. Cook, K. S. Last & B. Wilson, 2013. Marine renewable
energy development: assessing the Benthic Footprint at
multiple scales. Frontiers in Ecology and the Environment
11: 433–440.
Norro, A., B. Rumes & S. Degraer, 2013. Differentiating be-
tween underwater construction sound of monopile and
jacket foundations for offshore windmills: A case study
from the Belgian part of the North Sea. The Scientific
World Journal 2013: 7.
Petersen, K. J. & T. Malm, 2006. Offshore windmill farms:
Threats or possibilities to the marine environment. Ambio
35: 29–34.
Post, D. M., M. E. Conners & D. S. Goldberg, 2000. Prey
preference by a top predator and the stability of linked food
chains. Ecology 81: 8–14.
Reubens, J. T., S. Degraer & M. Vincx, 2011. Aggregation and
feeding behaviour of pouting (Trisopterus luscus) at wind
turbines in the Belgian part of the North Sea. Fisheries
Research 108: 223–227.
Reubens, J., M. De Rijcke, S. Degraer & M. Vincx, 2014a. Diel
variation in feeding and movement patterns of juvenile
Atlantic cod at offshore wind farms. Journal of Sea Re-
search 85: 214–221.
Reubens, J., S. Degraer & M. Vincx, 2014b. The ecology of
benthopelagic fishes at offshore wind farms: a synthesis of
4 years of research. Hydrobiologia 727: 121–136.
Rogers, S. I., P. J. Somerfield, M. Schratzberger, R. Warwick, T.
A. D. Maxwell & J. R. Ellis, 2008. Sampling strategies to
evaluate the status of offshore soft sediment assemblages.
Marine Pollution Bulletin 56: 880–894.
Scheidat, M., 2011. Short-term ecological effects of an offshore
wind farm in the Dutch coastal zone; a compilation. En-
vironmental Research Letters 6(3): 035101.
Slabbekoorn, H., N. Bouton, I. van Opzeeland, A. Coers, C. ten
Cate & A. N. Popper, 2010. A noisy spring: the impact of
globally rising underwater sound levels on fish. Trends in
Ecology and Evolution 1243: 9.
Teilmann, J. & J. Carstensen, 2012. Negative long term effects
on harbour porpoises from a large scale offshore wind farm
in the Baltic – evidence of slow recovery. Environmental
Research Letters 7(2012): 10.
Thompson, P. M., D. Lusseau, T. Barton, D. Simmons, J. Rusin
& H. Bailey, 2010. Assessing the responses of coastal
cetaceans to the construction of offshore wind turbines.
Marine Pollution Bulletin 60(8): 1200–1208.
Hydrobiologia
123
Vanden Eynde, D., M. Baeye, R. Brabant, M. Fettweis, F.
Francken, P. Haerens, M. Mathys, M. Sas & V. Van
Lancker, 2013. All quiet on the sea bottom front? Lessons
from the morphodynamic monitoring. In Degraer, S., R.
Brabant & B. Rumes (eds), Offshore Wind Farms in the
Belgian part of the North Sea: Heading for an Under-
standing of Environmental Impacts. Royal Belgian Insti-
tute of Natural Sciences, Management Unit of the North
SeaMathematical Models, Marine ecosystemmanagement
unit, Brussels: 35–47.
Vanermen, N., T. Onkelinx, W. Courtens, M. Van de walle, H.
Verstraete & E. W. M. Stienen, 2015a. Seabird avoidance
and attraction at an offshore wind farm in the Belgian part
of the North Sea. Hydrobiologia, this issue. doi:10.1007/
s10750-014-2088-x.
Vanermen, N., T. Onkelinx, P. Verschelde, W. Courtens, M. Van
de walle, H. Verstraete & E. W. M. Stienen, 2015b.
Assessing seabird displacement at offshore wind farms:
power ranges of a monitoring and data handling protocol.
Hydrobiologia, this issue. doi:10.1007/s10750-014-2156-2.
Weijerman, W., H. J. Lindeboom & A. Zuur, 2005. Regime
shifts in marine ecosystems of the North Sea and Wadden
Sea. Marine Ecology Progress Series 298: 21–39.
Westra, C., 2014. Offshore wind. Clean energy from the sea,
schone energie van de zee. Chris Westra Consulting. ISBN
978-90-823004-0-6.
Wilhelmsson, D. & T. Malm, 2008. Fouling assemblages on
offshore wind power plants and adjacent substrata. Estu-
arine Coastal and Shelf Science 79(3): 459–466.
Wilhelmsson, D., T. Malm, R. Thompson, J. Tchou, G. Saran-
takos, N. McCormick, S. Luitjens, M. Gullstro¨m, J.
K. Patterson Edwards, O. Amir & A. Dubi (eds), 2010.
Greening Blue Energy: Identifying and Managing the
Biodiversity Risks and Opportunities of Offshore Renew-
able Energy. IUCN (International Union for Conservation
of Nature), Gland.
Wilson, J. C. & M. Elliot, 2009. The potential for habitat cre-
ation produced by offshore wind farms. Wind Energy 12:
203–212.
Wilson, J., M. Elliott, N. Cutts, L. Mander, V. Menda˜o, R.
Perez-Dominguez & A. Phelps, 2010. Coastal and offshore
wind energy generation: Is it environmentally benign?
Energies 3: 1383–1422.
Hydrobiologia
123
